This paper seeks to explain some of the science and concepts used in quality improvement, including the use of run charts and control charts, the development and use of 'bundles' and the need to reduce variability to improve quality in critical care.
Introduction
Those of us who work in intensive care find ourselves firmly at the centre of the quality and safety agenda. For example, the Patient Safety First campaign 1 has four clinical interventions:
• Reducing harm from deterioration • Reducing harm in critical care • Reducing harm in peri-operative care • Reducing harm from high risk medications. The first two interventions directly involve intensive care, and the second two impact directly on the intensive care unit (ICU) and our patients. Bundles, processes and checklists are therefore all terms now familiar to intensivists. Many of these concepts arise from improvement science. For those of us trained in medical research where the testing of hypotheses is based on randomised controlled trials (RCTs), we may struggle to understand this translational science and question its scientific basis. However, the improvement and measurement techniques now being introduced into health care have been widely used in manufacturing, agriculture and aviation for decades. This article introduces some of the concepts of improvement science and provides the interested reader with further references.
Deming and improvement science
The 'father' of improvement science is William Edwards Deming (1900 Deming ( -1993 , an American mathematician, statistician and business consultant. 2 He is credited with improving industrial production in the US during World War II, although he is perhaps better known internationally for his work in post-war Japan. He taught top Japanese managers how to improve service, quality, product testing and sales with a variety of methods, including the application of statistical control methods in manufacturing, particularly in the automobile industry. He adopted methods developed first by Walter Shewhart (a statistician at Bell laboratories), such as statistical control of processes using control charts and ideas of special and common cause variation, which we will explain later in this article. Deming is regarded as having had more impact upon Japanese industry than any other individual of non-Japanese heritage. Later in his career, in the mid 1980s, he is credited with transforming the Ford Motor Company from failure to becoming the most profitable American car manufacturer. At the time the Ford chairman said 'We are moving toward building a quality culture at Ford and the many changes that have been taking place here have their roots directly in Dr Deming' s teachings. ' Deming' s work shows that the processes used in improvement science are not only firmly based in statistical science but have also been tested and shown to work successfully to improve many different complex processes.
In addition to statistical process control methods, Deming used a technique which he called 'profound knowledge' to teach colleagues how and where a system could be improved. This technique has four components:
• Appreciation of the system • Knowledge of variation in the system -a key to understanding the use of run charts and control charts • Theory of knowledge -ie the concepts explaining knowledge and the limits of what can be known • Knowledge of psychology All of these components interact, and a process cannot be improved without considering each part. For instance, the way individuals in an ICU team behave and the culture of that unit is integral to understanding how to make the unit safer. 3 To improve quality in intensive care, we must understand how our processes vary under normal (or common cause) circumstances; only then can we clearly identify an abnormal variation or problem.
In general, medicine concentrates on changing technical aspects of care, such as using a new drug or piece of equipment in clinical practice. These same technical innovations often prove frustrating, with the realisation that promising innovations make little or no difference to our patients' outcomes or that the evidence on which they are based is not as robust as first promised. 4, 5 Changing how the ICU actually functions when caring for patients may provide a much greater opportunity for improvement than changing technical aspects, such as which ventilator to use or which new drug. 6 We cannot improve something until we really understand why it succeeds and why it fails. To understand how we can make ICU care better for patients, we must closely examine the ICU micro-system, using 'profound knowledge.' A system is defined as 'an interdependent group of items, people, or processes working together towards a common purpose… the common purpose aligns the parts of the system, while interdependence considers the relationships and interactions among them. Interaction is among people, processes and equipment. Interdependence means that multiple viewpoints or measures are needed to understand the performance of a system. 7 The first step, therefore, to improve a system is to examine it closely by defining boundaries, including temporal components and to understand successes and defects within the system. This requires baseline information which helps to understand possible constraints.
The model for improvement
The model for improvement is the foundation tool used in improvement science. 7 (Figure 1) . The simple plan, do, study, act (PDSA) cycle uses small, rapid cycle changes designed to test, measure impact and test again, in a much faster and more proactive manner than the traditional audit cycle. Those readers whose units have participated in the Safer Patients Initiative network 8 and the Scottish Patient Safety Programme 9 have used this technique. The three questions central to applying this improvement method are:
• What are we trying to accomplish? • How will we know that a change is an improvement?
• What changes can we make that will result in an improvement?
Measurement for improvement
In order to be able to understand the impact of a change, we need data collected over time. UK ICUs are used to high quality data collection and analyses through their participation in the Intensive Care National Audit and Research Centre (ICNARC) and the Scottish Intensive Care Society Audit Group (SICSAG) programmes. However, to accomplish rapid cycle change, the data must be analysed frequently. Many specialties in medicine still have no data collection process, and unfortunately data collection may not always be viewed positively; the use of league tables has created a culture of measurement for judgment. Solberg and colleagues, 10 in an excellent paper, discuss the three faces of measurement: improvement, accountability and research. The Darzi report 11 stresses the need for a more positive approach to measurement for quality improvement, 'In order to work out how to improve we need to measure and understand exactly what we do. The NHS needs a quality measurement framework at every level.' If a process is not measured in some fashion, then any change cannot be determined to be an improvement. Key measures are needed to assess a team' s progress towards their aim or goal, while specific measures can be used for learning during PDSA cycles. 
Act Plan Study Do
What are we trying to accomplish?
How will we know that a change is an improvement?
What change can we make that will result in improvement? For example, if a new ultra-short-acting sedative drug is introduced into ICU, the outcome measure would be morbidity or mortality associated with the use of the drug. Process measures might be time to extubation from cessation of infusion of drug and length of stay in the ICU. A balancing measure would be associated cost. Differentiating between types of measures can be difficult, as illustrated here, where time to extubation is a process not an outcome measure. Only by considering all three measures in the specific context of this patient population and this ICU can we know if a change has truly resulted in improvement. For example, if resources are unlimited and there is a net increase in cost, that may not matter. If an increase in cost occurs where finances are restricted and results, for example, in closure of a bed, then there is no improvement. Outcome, process and balancing measurements are all therefore integral to the planning, performing and analysis of quality improvement.
Statistical process control charts
'When you have two data points, it is very likely that one will be different from the other.' Deming, 1992. 13 In health care, we have historically relied on aggregated data and summary statistics. Aggregated data (average before and after), presented in tabular formats or with summary statistics does not help one measure the impact of process improvement. If we rely on aggregated data to make decisions or make comparisons, then we are concentrating purely on the difference between two numbers, rather than what happens to the numbers over time. Quality happens on a moment-tomoment basis and as a result, it needs to be measured over time as a dynamic process (we need to understand how the process is affected by alterations in the system, such as day shift and night shift or weekends) rather than a single static measurement (see Figure 3) .
Statistical process control (SPC) charts are simple graphical representations of current process performance. They are relatively easy to construct, easy to interpret and designed to identify which type of variation exists within a process. There are two types of variation: 'common cause' and 'special cause' variation. 'Common cause' variation is due to regular, natural or ordinary causes. It results in a 'stable' process that is predictable (eg admissions to an elective day surgery unit). 'Special cause' variation is due to irregular or unnatural causes that are not inherent in the design of the process. It results in an 'unstable' process that is not predictable (eg use of the beds on the same day surgery unit for emergency admissions during a 'flu crisis). Two of the most popular SPC charts in common use today are the run chart and the control chart.
A run chart is a plot of data over time with the unit of time always plotted on the x-axis and the indicator (the key quality characteristic) always plotted on the y-axis. The data are arranged in chronological order and the centre line of the chart is the median value. 7, 14 Control charts, like run charts, are graphic dynamic displays of process variation over time. However, there are two key distinctions between run charts and control charts: 1. The run chart is not as sensitive to special cause variation as the control chart. This is because the run chart is not sensitive to extreme values in the data, as the centre line on the run chart is the median in comparison to the mean on a control chart. Although less sensitive than control charts, run charts are generally useful, simple ways of collecting data. 2. Control charts have upper (ULC) and lower control limits (LCL) which basically define the boundaries of the variation around the mean (Figure 4) . 14 If all possible data is collected and analysed, do we really need to look at the data over time, can we not compare the average before and after? Figure 5 shows an example of a hypothetical test of change in three different units. 14 The bar graph shows the same average change for all three units. However, on closer examination, in unit one the run chart suggests that the improvement indicated in the bar graph is genuine and sustained. In units two and three, with the identical bar graph change, there is no evidence from the run chart that the change had any real impact; unit two was improving anyway and unit three improved and then started to deteriorate. 14 Looking at data over time is important to prevent misinterpretation, and also allows patterns to emerge, eg discharges from ICU after midnight are associated with increased mortality, but we would not know that if unit data was recorded only on a daily or weekly basis.
Standardisation
Variation in processes for similar efforts wastes resources and usually represents a less-than-desirable outcome. In addition, improvement of one small part of a system will be difficult to measure. If each ICU consultant takes a different approach to usual aspects of patient care, then a run chart is likely to show wide variations. The process will not be stable enough to show the impact of change. To achieve stable processes, we need to standardise care for those patients who do not require special care, eg in a cardiac ICU, patients following routine surgery can be treated in a standard way, while following emergency surgery a complex patient may require special care. Modern medicine is too complex for individuals to depend on memory and reminders and for the team to vary their practice around different clinical leads. The use of common equipment, standard order sheets, multiple-choice protocols, and written policies or procedures alone will not result in the correct procedure being performed reliably. In fact, most often these techniques, used without considering human factors and incorporating reliable process design, will seldom reach 80% reliability. 15 To achieve very high reliability, care needs to be absolutely standardised, with individuality allowing for variations in the patient' s needs but not the staff needs. The use of bundles in ICU is designed to achieve 95% reliability of a process.
Bundles
The ventilator bundle and the central line bundle are all familiar to practising intensivists; but what are the principles behind creating a bundle? These are the features of a bundle 16,17 :
• The steps are all necessary and each step must be performed to achieve success. • Each step is individually based on randomised controlled trials (ie level 1 evidence). There should be no controversy about each step. The bundle is about how to deliver best care not what the care should be.
• Ideally, a bundle should consist of no more than five steps.
For every step that is added, the likelihood of achieving the whole bundle for 95% of the time decreases. • Each step should be clear-cut and all-or-nothing. The answer to completion of the step can only be 'yes' or 'no'. For example in the ventilator bundle -Was the sedation 
Safety and quality publications and intensive care medicine
The publication of healthcare improvement reports has been made easier by the development of the SQUIRE (Standards for Quality Improvement Reporting Excellence) guidelines. 22 Authors now have better guidance on writing quality improvement work and as a result there are increasing numbers of quality improvement articles and discussions. For further reading on the subject of systems improvement in the ICU the reviews by Garland 23, 24 and Pronovost 25 are good places to start.
Conclusion
Quality improvement methodology and application does not threaten evidence-based medicine; indeed quality improvement is about the reliable, safe, effective, efficient and timely delivery of the best evidence-based treatment for a patient. We have looked to randomised controlled trials to provide the answers for our patients and yet, until recently at least, it has taken 17 years to translate new findings into clinical practice. 26 A systematic literature search for all publications of adult, multicentre RCTs carried out in the ICU, with mortality as a primary outcome and including more than 50 patients, identified 72 RCTs, only 10 of which reported a positive impact of the studied intervention and seven studies which reported a detrimental effect of the intervention. 27 We need additional ways of improving care for our patients. Quality improvement techniques offer one way of ensuring that our patients get the best possible delivery of evidence-based medicine in the ICU.
